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(54) Solid electrolyte ionic conductor systems for oxygen, nitrogen, and/or carbon dioxide 
production with gas turbine 



(57) A process for producing at least an oxygen 
product gas stream, and power from a gas turbine, by 
compressing a feed gas stream containing elemental 
oxygen and heating the feed gas stream on the reten- 
tate side of an ion transport reactor membrane section 
to produce a heated feed gas stream. Oxygen permeat- 
ing the ion transport reactor membrane section is 
reacted with a first fuel gas stream to produce a first 
combustion products gas stream. The heated feed gas 



stream is separated using an ion transport separator 
membrane section having a retentate side and a perme- 
ate side into an oxygen-depleted gas stream on the 
retentate side and an oxygen-containing gas stream on 
the permeate side. At least a portion of the first combus- 
tion products gas stream can be recovered, and energy 
is extracted from at least one gas stream to be 
expanded in a gas turbine to produce energy. 
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Description 

FIELD OF THE INVENTION 

[0001] The invention relates to the use of solid electrolyte ionic conductor membranes in gas separating systems. In 
particular, the invention relates to employing ion transport reactors to generate thermal conditions desired for ion trans- 
port separator operation, by reacting a fuel stream with transported oxygen, and to provide improved processes for the 
coproduction of power and oxygen, nitrogen and/or carbon dioxide by integration with a gas turbine power cycle. 

U.S. GOVERNMENT RIGHTS 

[0002] This invention was made with United States Government support under Cooperative Agreement No. 
70NANB5H1065 awarded by the National Institute of Standards and Technology. The United States Government has 
certain rights in the invention. 

BACKGROUND OF THE INVENTION 

[0003] Non-cryogenic bulk oxygen separation systems, for example, organic polymer membrane systems, have been 
used to separate selected gases from air and other gas mixtures. Air is a mixture of gases which may contain varying 
amounts of water vapor and, at sea level, has the following approximate composition by volume: oxygen (20.9%), nitro- 
gen (78%), argon (0.94%), with the balance consisting of other trace gases. An entirely different type of membrane, 
however, can be made from certain inorganic oxides. These solid electrolyte membranes are made from inorganic 
oxides, typified by calcium- or yttrium-stabilized zirconium and analogous oxides having a fluorite or perovskite struc- 
ture. 

[0004] Although the potential for these oxide ceramic materials as gas separation membranes is great, there are cer- 
tain problems in their use. The most obvious difficulty is that all of the known oxide ceramic materials exhibit appreciable 
oxygen ion conductivity only at elevated temperatures. They usually must be operated well above 500°C, generally in 
the 600°C to 900°C range. This limitation remains despite much research to find materials that work well at lower tem- 
peratures. Solid electrolyte ionic conductor technology is described in more detail in Prasad et ai., U.S. Patent No. 
5,547,494, entitled Staged Electrolyte Membrane, which is hereby incorporated by reference to more fully describe the 
state of the art. The elevated temperatures of operation, however, make ion transport processes intrinsically well suited 
for integration with high temperature processes such as vapor-based, gas-based, or combined power cycles. 
[0005] Recent developments have produced solid oxides which have the ability to conduct oxygen ions at elevated 
temperatures if a chemical driving potential is applied. These pressure-driven ionic conductor materials may be used 
as membranes for the extraction of oxygen from oxygen-containing gas streams if a sufficient partial oxygen pressure 
ratio is applied to provide the chemical driving potential. Since the selectivity of these materials for oxygen is infinite and 
oxygen fluxes several orders of magnitude higher than for polymeric membranes can be obtained, attractive opportuni- 
ties are created for the production of oxygen as well as for oxygen-requiring oxidation processes, especially with appli- 
cations that involve elevated temperatures. A prominent example is gas turbine cycles which typically process a 
significant amount of excess air to keep the turbine inlet temperature within the capabilities of available materials and 
therefore make available excess oxygen for recovery as a coproduct. 

[0006] Some of the key problems that have to be addressed in the design of ion transport membrane systems and 
their integration into a high temperature cycle such as a gas turbine involve maximizing driving forces for ion transport, 
minimizing gaseous diffusion resistance, avoiding excessive stresses from thermal and compositional expansion and 
contraction and sealing the ion transport elements within the ion transport apparatus. The latter problem is aggravated 
by the fact the ion transport membrane operating temperature are in the range from 500°C to 1 1 00°C. 
[0007] Advances in the state of the art of air separation using solid electrolyte ionic conductors have been presented 
in the technical literature. For example, Mazanec et al.. U.S. Patent No. 5.306,411, entitled Solid Multi-Component 
Membranes, Electrochemical Reactor Components, Electrochemical Reactors and Use of Membranes, Reactor Com- 
ponents, and Reactor for Oxidation Reactions, relates to electrochemical reactors for reacting an oxygen-containing 
gas with an oxygen-consuming gas and describes a shell and tube reactor with the oxygen-containing gas flowing on 
one side of the solid electrolytic membrane and the oxygen-consuming gas on the other. Mazanec et aL, however, does 
not address issues related to integrating such systems with oxygen production from gas turbine cycles, heat manage- 
ment to maintain membrane surfaces at the desired uniform temperatures, flow dynamics to achieve effective mass 
transfer, or the need for balancing reaction kinetics with oxygen ion conductivity to maintain the appropriate oxygen par- 
tial pressure for materials stability. 

[0008] Kang et al., U.S. Patent No. 5.565,017, entitled High Temperature Oxygen Production with Steam and Power 
Generation, relates to a system integrating an ion transport membrane with a gas turbine to recover energy from the 
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retentate gas stream after it is heated and steam is added. The injection of steam or water into the ion transport non- 
permeate stream compensates for the loss of the oxygen mass from the turbine feed gas stream. 
[0009] Kang et al.. U.S. Patent No. 5.562,754, entitled Production of Oxygen By Ion Transport Membranes with Steam 
Utilization discloses a system integrating an ion transport membrane with a gas turbine to recover energy from the 
retentate gas stream after it is heated. Steam is added as a sweep gas on the permeate side to enhance oxygen recov- 
ery. A stream containing a mixture of oxygen and steam is produced on the permeate side which can be withdrawn as 

foolOl^Kang et al.. U.S. Patent No. 5,516,359. entitled Integrated High Temperature Method for Oxygen Production, 
describes heating a compressed air feed gas stream to the appropriate ion transport operating temperature by a first 
combustor which in one embodiment, is inserted between the compressor discharge and the ion transport separator. 
Subsequently, the retentate gas stream from the ion transport separator is heated to turbine inlet temperature by a sec- 
ond combustor. The inlet temperatures to the turbine and the ion transport separator are independently controlled by 
adjusting the fuel rates to the two combustors. In an alternate configuration, a heat exchanger is placed between the 
two combustors. which are both located downstream from the ion transport separator, and the air feed gas stream to 
the ion transport separator is heated to the correct temperature by this heat exchanger. 

[001 1 ] The method disclosed in the Kang et al. -359 patent has the disadvantage that the feed gas stream to the ion 
transport separator contains products of combustion which dilute the ion transport separator feed gas stream, reduce 
the oxygen driving force, and could act as an adverse contaminant to some mixed conductor materials. Because some 
of the oxygen contained in the feed air is consumed in the first combustor. the oxygen driving force is further reduced. 
The alternative configuration has the disadvantage of requiring an additional, potentially expensive, heat exchanger. 
Either method could also have a problem maintaining stable combustion in the first combustor since the fuel-to-air 
equivalence ratio will be low. especially where the heat contained in the turbine exhaust is regeneratively recovered by 
the feed air gas stream and the heat duty of the first combustor is small. 

[0012] Hegarty U S Patent No. 4,545.787. entitled Process for Producing By-Product Oxygen from Turbine Power 
Generation relates to a process for generating net power using a combustion turbine, accompanied by the recovery of 
by-product oxygen-enriched gas. Air is compressed and heated, at least a portion of the air is combusted and a portion 
of the oxygen is removed from the air or combustion effluent using an air separator. The oxygen lean combustion efflu- 
ent is expanded through a turbine to produce power. In an alternative embodiment, the effluent from the turbine is used 
to produce steam to generate additional power. In this process, the type of fuel is generally limited to "clean" fuels such 
as natural gas, oils, or synthesis gas. _ , . . . . „ 

[0013] Chen U S Patent No. 5.035,727. entitled Oxygen Extraction from Externally Fired Gas Turbines, relates to a 
process for recovering high purity oxygen from an externally fired power generating gas turbine cycle. While this proc- 
ess is similar to the Hegarty 787 patent, Chen differs in the use of an externally fired gas turbine so that other types of 
fuels such as coal or biomass may be used. , , t 

[001 4] Chen et al U S. Patent No. 5. 1 74,866. entitled Oxygen Recovery from Turbine Exhaust Using Solid Electrolyte 
Membrane and Chen et al.. U.S. Patent No. 5,118.395. entitled Oxygen Recovery from Turbine Exhaust Using Solid 
Electrolyte Membrane, both relate to processes for extracting high purity oxygen from gas turbine exhaust streams by 
passing the gas turbine exhaust over an oxygen ion conducting membrane. In these processes, the oxygen separator 
employing an oxygen ion conducting membrane is placed downstream of some or all stages of the gas turbine, instead 
of upstream as in earlier patents. An electrically-driven ion transport unit is proposed when the turbine exhaust pressure 
is low. The exhaust stream from the oxygen separator is optionally expanded through a gas turbine stage. 

OBJECTS OF THE INVENTION 

[001 5] It is therefore an object of the invention to provide an efficient process for the coproduction of power and oxy- 
gen, and optionally nitrogen and carbon dioxide, and to effect improved integration of ion transport technology with a 
gas turbine power cycle. 

[001 6] It is also an object of the invention to permit the coproduction of carbon dioxide, with water as the only major 
impurity, and high purity nitrogen. 

[001 7] It is still another object of the invention to maximize the recovery of oxygen, especially in those cases where 
both carbon dioxide and oxygen coproducts are desired. 

SUMMARY OF THE INVENTION 

[001 8] The invention comprises a process for producing at least an oxygen product gas stream, and power from a gas 
turbine, by compressing a feed gas stream containing elemental oxygen, and then heating the feed gas stream using a 
fuel-oxygen reaction with an ion transport reactor membrane section and thereby producing a heated feed gas stream. 
Preferably, the oxygen permeating the ion transport reactor membrane section is reacted in a first permeate zone with 
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a first fuel gas stream to produce a first combustion products gas stream. The heated feed gas stream is separated into 
an oxygen-depleted gas stream on a retentate side of an ion transport separator membrane section and an oxygen 
product gas stream on the permeate side of the separator membrane section. At least a portion of the first combustion 
products gas stream may be recovered and energy is extracted from at least one gas stream to be expanded, such as 
the oxygen-depleted gas stream, after that stream to be expanded has been heated directly or indirectly by the first per- 
meate zone reaction, in a gas turbine to produce power. 

[0019] In a preferred embodiment of the invention the oxygen-depleted gas stream is reacted in a combustor with a 
fuel gas stream to produce a second combustion products gas stream. In another preferred embodiment of the inven- 
tion, at least a portion of the first combustion products gas stream is combined with at least a portion of the oxygen- 
depleted gas stream from the retentate side of the ion transport separator membrane section to form an aggregate gas 
stream; and the aggregate gas stream in the combustor is reacted with the fuel gas stream to produce a second com- 
bustion products gas stream. In yet another preferred embodiment of the invention, the water is removed from at least 
a portion of the first combustion products gas stream to produce a carbon dioxide product gas stream. In another pre- 
ferred embodiment of the invention, at least a portion of the energy recovered by the gas turbine is used to accomplish 
the compression step. In a preferred embodiment of the invention, at least a portion of the oxygen-depleted gas stream 
is recovered as a nitrogen product gas stream. 

[0020] The term "module" refers to a shell containing one or more ion transport membrane sections. Unless noted to 
the contrary hereinafter, a description of operations performed by two or more modules applies to alternative embodi- 
ments in which such operations are performed by two or more ion transport membrane sections disposed in a single 
module. The term "section" refers to at least a portion of an ion membrane element which may be shaped as a tubular, 
planar, or other type of structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] Other objects, features and advantages of the invention will occur to those skilled in the art from the following 
description of preferred embodiments of the invention and the accompanying drawings, in which: 

Fig. 1 is a schematic diagram of an embodiment of the invention using a solid electrolyte ionic conductor separator 
module in combination with an ion transport reactor module and a turbine to produce an oxygen product gas 
stream, a carbon dioxide product gas stream, and power; 

Fig. 2 is a schematic diagram of an embodiment of the invention using a solid electrolyte ionic conductor separator 
module in combination with an ion transport reactor-heater module and a turbine to produce an oxygen product gas 
stream and power; 

Fig. 3A is a schematic diagram of an embodiment of the invention similar to Fig. 2 using an integrated solid elec- 
trolyte ionic conductor reactor-separator module and a turbine to produce an oxygen product gas stream and 
power; 

Fig. 3B is a detailed view of an alternate solid electrolyte ionic conductor combustor-separator module component 
for the embodiment of the invention shown in Fig. 3A; 

Fig. 4 is a schematic diagram of an embodiment of the invention using a solid electrolyte ionic conductor reactor 
separator module in combination with a combustor and a turbine to produce an oxygen product gas stream con- 
taining products of combustion and power; 

Fig. 5A is a schematic diagram of another embodiment of the invention using a solid electrolyte ionic conductor 
separator module in combination with an ion transport reactor module disposed downstream of a turbine to pro- 
duce an oxygen product gas stream and power; 

Fig. 5B is a detailed view of an alternate combustor component for the embodiment of the invention shown in Fig. 
5A; 

Fig. 6 is a schematic diagram of another embodiment of the invention using a solid electrolyte ionic conductor reac- 
tor-heater module as a deoxo unit in combination with an ion transport separator module and a turbine to produce 
an oxygen product gas stream, a high purity product nitrogen stream, and power; and 

Fig. 7 is a schematic diagram of another embodiment of the invention using a solid electrolyte ionic conductor reac- 
tor-heater module in combination with an ion transport separator module and a turbine to produce an oxygen prod- 
uct gas stream and power wherein reaction products from the ion transport reactor anode or permeate side purge 
the permeate side of the ion transport separator to enhance oxygen ion transport. 

DETAILED DESCRIPTION OF THE INVENTION 

[0022] The essence of the invention is to combine a gas turbine process with recovery of at least an oxygen product 
by an ion transport separator membrane section, wherein final heating of a feed stream to the separator's operating 
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temperature is performed by reacting a fuel on the permeate side of a reactor membrane section comprising an ion 
transport reactor, a reactor-heater, or a combination reactor-separator. The reactor membrane section and the separa- 
tor membrane section are different, spaced apart membranes in some embodiments and are different portions of a uni- 
tary membrane structure in other embodiments. 

[0023] This invention may be accomplished by installing at least one ion transport oxygen reactor, having an ion trans- 
port membrane, in a gas turbine cycle power generation configuration to perform at least a portion of the heating func- 
tion for a feed air stream to bring it up to ion transport operating temperature by reacting a fuel introduced into the 
permeate side of the ion transport membrane with transported oxygen. Such a reactive purge enhances oxygen trans- 
port across the membrane by reducing the oxygen partial pressure, by consuming the oxygen and/or by sweeping the 
membrane with products of combustion, and therefore increases the driving potential for oxygen transport to the react- 
ing side. Oxygen from the feed gas stream, generally air, will be partially extracted in the ion transport reactor to support 
the reaction. When the permeate exit gas stream containing steam and carbon dioxide is then cooled, water condenses 
out of the gas stream and a carton dioxide gas stream, saturated with water vapor but otherwise pure, is obtainable as 
desired. In another construction, the permeate side of the reactor is operated at substantially the same pressure as the 
retentate side, and the exiting permeate stream is joined with the retentate emerging from an ion transport separator. 
[0024] The retentate from the ion transport reactor preferably is further processed in a second ion transport mem- 
brane to produce oxygen on the permeate side and an oxygen-depleted gas stream on the retentate side. In some con- 
figurations the retentate gas stream, which has been partially depleted of oxygen in the ion transport reactor, is 
combusted using a fuel and expanded in a gas turbine to produce power. The exhaust from the gas turbine is generally 
hot enough to preheat the feed stream in a heat exchanger or can be used to produce steam that will be utilized in a 
steam-based power generation portion of the process. 

[0025] As will be seen from the following description of the invention, especially in its preferred modes, the instant 
process eliminates some of the major shortcomings of the prior art, especially with respect to avoiding contamination 
of the ion transport feed gas stream with combustion products, reduction of the oxygen driving force, and operating dif- 
ficulties due to low fuel-to-air equivalency ratios with relatively simple process flow arrangements. In addition, the inven- 
tion has the advantage of reducing NO x emissions and providing options for coproduction of carbon dioxide and 
nitrogen. Preferred embodiments of the present invention use a combustion products gas stream as a purge gas for 
enhancing oxygen recovery in the ion transport separator. The use of an ion transport reactor-heater or ion transport 
reactor-separator provides a very economical way for obtaining the purge gas for the ion transport separator. Alterna- 
tively, the invention permits recovery as desired of a carbon dioxide product from the process, since the combustion 
products purge gas stream or exhaust gas stream emerging from the ion transport reactor will be primarily water and 
carbon dioxide. The water in the exhaust gas stream can be condensed and recycled as a gas stream addition to the 
turbine feed and there is usually sufficient waste heat available there to permit adding extra water. Generally, the turbine 
waste gas stream will have a high nitrogen content and lends itself to economical recovery of nitrogen. Some of the 
processes according to the invention are distinguishable from the prior art described in the Background in that a com- 
bustion products gas stream is utilizable as a purge gas stream for the ton transport separator. Another distinguishing 
feature is that, if steam is desired as a purge medium, a significant fraction of the injected steam is obtainable from 
residual products of combustion. 

[0026] When employed in purging the permeate side of an ion transport reactor, a key advantage of the present inven- 
tion is that it uses products of combustion (such as steam or carbon dioxide) as a purge gas, thereby reducing the effec- 
tive partial pressure of oxygen on the purge side of the ion transport membrane. This enhances the driving force across 
the ion transport membrane, and effects a higher oxygen flux and a lower membrane area requirement. 
[0027] The elevated temperatures of operation make the ion transport process intrinsically well suited for integration 
with high temperature processes. Incorporation of an ion transport unit in an existing gas turbine power plant is straight- 
forward, and the benefits accrued in such a retrofit will more than offset the cost of installing the ion transport unit and 
accessories. In the process configuration of this invention, the ion transport oxygen separator is thermally decoupled 
from the gas turbine. Thus each equipment may operate at its respective operating temperature. Also, the pressure 
drop across the ion transport unit itself will be relatively small. Thus a retrofit according to the present invention should 
not adversely affect the efficiency and performance of the existing power plant. 

[0028] An ideal opportunity for synergistic integration with ion transport membranes is provided by using gas turbine 
systems according to the present invention, since turbines recover power from expanding hot gases. In the power gen- 
eration process, air is compressed and then heated by direct combustion of fuel. To limit the temperature rise and stay 
within the temperature capabilities of available materials a significant amount of excess air is utilized in the combustion 
process. This, therefore, provides an ideal opportunity of extracting a portion of the excess oxygen from the high pres- 
sure gas stream by a high temperature membrane process. 

[0029] The working fluid in a gas turbine power cycle is generally air or the products of combustion of fuel and air. If 
a fuel is used in such a system, heat is generated within the system by the fuel being combusted in a compressed air 
stream, and the resultant combustion products gas stream is expanded through a gas turbine to produce power. It 
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should be noted that the metallurgical temperature limit on the turbine blades necessitates a gas turbine operation with 
a very high air-to-fuel ratio. In a conventional gas turbine system, the nitrogen in the feed air and the excess oxygen 
present in the combustion products gas stream act as diluents and thereby lower the temperature of the combustion 
products gas stream. As a result, the exhaust gas stream from the gas turbine power cycle contains excess oxygen in 
which additional fuel could be burnt. These hot exhaust gases could also be used to preheat the compressed feed air 
or may be used to generate steam that can be employed in a vapor power cycle. 

[0030] It is also possible to recover some of the remaining oxygen in the exhaust gases in a gas turbine cycle using 
ion transport membrane technology. Most oxygen generating systems utilize cryogenic gas separation methods (high 
purity, large scale) or membrane and adsorptive separation techniques. For example, organic polymer membrane sys- 
tems are typically very power intensive, and are usually suitable only for the production of small quantities of oxygen- 
enriched air (for example, 50% oxygen). Pressure swing adsorption systems typically produce 90 to 95% purity oxygen 
in small to medium quantities. Although some of these conventional processes recover a part of the power utilized in 
producing the product, they do not produce any net power. In addition, conventional oxygen separation processes oper- 
ate at low temperatures, typically less than 100 o C, and do not benefit significantly from integration with a power gener- 
ation process. ^ , . 
[0031] Unlike the present invention, U.S. Patent No. 5,516,359 (Kang et al.), mentioned above in the Background, 
does not address the coproduction of carton dioxide or nitrogen, nor does it disclose the design of the enabling appa- 
ratus or contemplate the use of ion transport reactors which, by excluding nitrogen from the reaction product gas 
stream, enables the recovery of carbon dioxide or its use as purge or sweep gas stream for ion transport separators. In 
some of the reactor heater configurations according to the present invention there is the additional advantage that the 
oxygen driving force in the ion transport separator is not reduced by the presence of products of combustion. The 
present invention also differs by substituting an ion transport reactor for the first stage combustor or an ion transport 
reactor-separator in a single unit for the first stage combustor and the ion transport separator, or by placing the lower 
temperature combustor into the turbine exhaust stream rather than the inlet stream. 

[0032] Several embodiments incorporating an ion transport membrane into a gas turbine system, including retrofit of 
a turbine power generation system, are disclosed in EP-A-0 748 648. which is incorporated herein by reference. 
Reactive purge arrangements are disclosed in EP-A-0 778 069, and incorporated herein by reference. Various ion 
transport reactor designs are disclosed in EP-A-0 875 285. and EP-A-0 875.281, both of which are also incorporated 
herein by reference. All of the patent applications referenced in this paragraph are commonly owned with the present 
application. 

[0033] The ion transport membranes employed in the oxygen separators, the ion transport reactors, the ion transport 
reactor-heaters, the ion transport reactor-separators, or ion transport separator-combustors discussed herein are solid 
electrolyte ionic conductors. These materials may be selected appropriate to the particular performance characteristics 
necessary or advantageous for the intended function and, therefore, different ion transport materials may be used in 
different modules. Ion transport materials that transport oxygen ions are deemed useful for the separation of oxygen 
from gas mixtures. Certain ion transport materials are mixed conductors, conducting both oxygen ions and electrons. 
At elevated temperatures, these materials contain mobile oxygen ion vacancies that provide conduction sites for selec- 
tive transport of oxygen ions through the material. The transport is driven by the partial pressure ratio of oxygen across 
the membrane: oxygen ions flow from the side with high oxygen partial pressure to that with low oxygen partial pres- 
sure. Ionization of oxygen to oxygen ions takes place on the cathode or retentate side of the membrane, and the ions 
are then transported across the ion transport membrane. The oxygen ions deionize on the permeate side of the mem- 
brane, releasing oxygen molecules. For materials that exhibit only ionic conductivity, external electrodes are placed on 
the surfaces of the electrolyte and the electronic current is carried in an external circuit. In mixed conducting materials 
electrons are transported to the cathode internally, thus completing the circuit and obviating the need for external elec- 
trodes. Dual phase conductors, in which an oxygen ion conductor is mixed with an electronic conductor, may also be 
used for the same applications. 

[0034] Table I is a partial list of ion transport materials of interest for oxygen separation. 
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Material composition 



(La^SrJCCb^Q O,., (0 S x S 1, 0 £ y g 1, S from stoichimctiy) 



SrMnO^ 



SrMn, xCo.O^ (O^x^l, 0 £ y £ 1, 6 from stoichimetiy) 
Sr l , > Na x MnQ 3 , a 



BaFe^Co^YO, 
SrCe0 3 

YBa a Cu 3 Q 7 . ft (O^p^l, P from stoichimctiy) 



A^'^^B-B'yBVO^ (x, x', x", y, y\ y M all in 0-1 range) 
where: A, A\ A" - from groups 1, 2, 3 and f-block lanthanides 
B, B', B" = from d-block transition metals 



(a) Co-La-Bi type: Cobalt oxide 15-75 mole% 

Lanthanum oxide 13-45 mole% 

Bismuth oxide 17-50 mole% 

(b) Co-Sr-Ce type: Cobalt oxide 15-40 mole% 

Strontium oxide 40-55 mole% 

Cerium oxide 15-40 mole% 

(c) Co-Sr-Bi type: Cobalt oxide 10^0 mole% 

Strontium oxide 5-50 mole % 

Bismuth oxide 35-70 mole% 

(d) Co-La-Ce type: Cobalt oxide 10-40 mole % 

Lanthanum oxide 10-40 moIe% 

Cerium oxide 30-70 mole% 

(e) Co-La-Sr-Bi type: Cobalt oxide 15-70 mole% 

Lanthanum oxide 1-40 mole% 

Strontium oxide 1-40 mo!e% 

Bismuth oxide 25-50 mole% 

(f) Co-La-Sr-Ce type: Cobalt oxide 10-40 mole% 

Lanthanum oxide 1-35 mole% 

Strontium oxide 1-35 mole% 

Cerium oxide 0-70 mo!e% 



Bi 2 ^yvLO,^ (0 £ x £ 1, 0 £ y £ 1, 6 from stoichimetry) 

where: M' = Er, Y, Tm, Yb t Tb, Lu, Nd, Sm, Dy, Sr f Hf, Th, Ta, Nb, 

Pb, Sn, In, Ca, Sr, La and mixtures thereof 
M = Mn Fe, Co, Ni, Cu and mixtures thereof 



BaCe^Gd^Oj.^ where, 

x equals from zero to about 1. 



One of the materials of AjA^B'JB"^ family whose composition is 
disclosed in U.S. Patent 5,306,41 1 (Mazanec et al) as follows: 

A represents a Ianthanide or Y, or a mixture thereof; 

A 1 represents an alkaline earth metal or a mixture thereof; 

B represents Fe; 

B* represents Cr or Ti, or a mixture thereof; 

B" represents Mn, Co, V, Ni or Cu, or a mixture thereof; 
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and s, t, u, v, w, and x are numbers such that: 
s/t equals from about 0.01 to about 100; 
u equals from about 0.01 to about 1; 
v equals from zero to about 1; 
\v equals from zero to about 1; 

x equals a number that satisfies the valences of the A, A\ B, B\ B" 
in the formula; and 0.9 < (s+t)/(u+v+w) < 1.1 


10. 


One of the materials of La 1 . x Sr lt Cu 1-y N^Oj^ family, where: 
M represents Fe or Co; 
x equals from zero to about 1; 
y equals from zero to about 1; 

d equals a number that satisfies the valences of La, Sr. Cu, and M 
in the formula. 


11. 


One of the materials of Ce^A^O^ family, where: 

A represents a lanthanide, Ru, or Y; or a mixture thereof; 
x equals from zero to about 1; 

d equals a number that satisfies the valences of Ce and A in the 
formula. 


12. 


One of the materials of Sr^i^eO^, family, where: 
x equals from zero to about 1; 

d equals a number that satisfies the valences of Sr, Bi and Fe in the 
formula. 


13. 


One of the materials of Sr Jt Fe y Co I O w family, where: 
x equals from zero to about 1; 
y equals from zero to about 1; 
z equals from zero to about 1; 

w equals a number that satisfies the valences of Sr, Fe and Co in 
the formula. 


14. 


Dual phase mixed conductors (electronic/ionic): 


(Pd) 05 /(YSZ) 0 . S 

(B-MgLaCrO„) 05 (YSZ) 05 
(IiwPt I .«).. 6 /(YSZ) aj 

(In 9 oHPt,.*V(YSZ) 0 . J 
(In, } s Pr 2 ., s Zr 2 . 5 J„/(YSZ) 0Ji 

Any of the materials described in 1-13, to which a high temperature 
metallic phase (e.g., Pd, Pt, Ag, Au. Ti, Ta, W) is added. 



[0035] Owing to their infinite selectivity for oxygen transport, ion transport materials have several potential applica- 
tions in the area of air separation and purification of gases. As ion transport materials generally exhibit appreciable ionic 
conductivities only at elevated temperatures (greater than 450°C), however, they are different from traditional oxygen 
separation processes which operate at low temperatures (less than 100°C). Most oxygen generating systems utilize 
cryogenic separation methods (generally for large scale, high purity applications) or use polymeric membrane or 
absorptive separation techniques (generally for small to medium scale, 90-95% purity applications). Membrane sys- 
tems are typically very power intensive and are suitable for the production of nitrogen and for the production of small 
quantities of oxygen-enriched air (for example, 50% oxygen). 

[0036] In preferred embodiments of the invention, compressed air is directly fed to an ion transport reactor where fuel 
is reacted with permeated oxygen on the permeate side of the ion transport membrane to produce the necessary heat 
for elevating the air to the appropriate ion transport operating temperature. The retentate gas stream is then heated to 
turbine inlet temperature in a conventional combustor located downstream. The reaction side fuel-to-oxygen ratio can 
be at stoichiometric or slightly fuel-rich ratios to achieve stable combustion. At the same time, with the appropriate ion 
transport reactor design described in EP-A-0 875 285, which was incorporated by reference above, the reaction taking 
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place at the ion transport reactor membrane surface will be in an environment that substantially excludes nitrogen 
(except for any nitrogen which may be present in the fuel) and be at a relatively low uniform temperature and therefore 
minimize NO x generation. The products of combustion from the ion transport reactor can either join the retentate gas 
stream downstream of the ion transport oxygen separator or optionally be withdrawn to recover carbon dioxide as a 
coproduct or used as a purge gas for the permeate side of the ion transport separator to improve oxygen recovery. If 
carbon dioxide is a desirable product, this is advantageous since the products of combustion will contain primarily car- 
bon dioxide and water which can be readily removed by condensation. Because the partial oxygen pressures on the 
permeate side of the ion transport reactor are very low, driving forces are high and minimize ion transport area require- 
ments. At the same time the low oxygen partial pressure (less than 10" 14 atm.) will require selection of a stable mixed 
conductor composition at these low pressures. 

[0037] It can be readily appreciated that the suggested process arrangement provided herein provides solutions to 
the shortcomings of previous processes and many advantages are provided. For example, the inlet temperatures to the 
ion transport oxygen separator and the turbine can be independently controlled at their respective optimum operating 
temperatures (700°C to 950°C for the ion transport separator and 1000°C to 1400°C for the turbine) by adjusting fuel 
rates to the ion transport reactor and the combustor. In addition, since the combustion reaction is limited to the perme- 
ate side of the ion transport reactor, both contamination and dilution of the ion transport separator feed gas stream are 
avoided. The fuel-to-oxygen ratios in the ion transport reactor are sufficiently high to yield stable combustion during the 
process to provide a continuous output of products. It should also be noted that the general arrangement is simple since 
the ion transport reactor combines the duties of a heat exchanger and combustor. As previously stated, employment of 
an ion transport module will reduce NO x production and permit withdrawing a relatively rich carbon dioxide coproduct 
gas stream if desired. Finally, steam can be added as a diluent to the permeate side of the ion transport membrane to 
help in controlling the reaction. 

[0038] Fig. 1 is a schematic diagram of an embodiment of the invention using a solid electrolyte ionic conductor sep- 
arator module in combination with an ion transport reactor module and a turbine to produce an oxygen product gas 
stream, a carbon dioxide product gas stream, and power. In this embodiment of the invention, ion transport reactor 
module 20 and ion transport separator module 41 have been integrated with gas turbine 48 in a Brayton cycle to enable 
oxygen extraction from the feed gas stream 10. 

[0039] During operation, feed gas stream 1 0 is compressed by compressor 1 5 to a pressure of 1 2 atm. Compressed 
gas stream 16 is heated to 880°F (470°C) in heat exchanger 17 by hot carbon dioxide gas stream 26, hot oxygen gas 
stream 58, and waste gas stream 51 , to produce heated gas stream 18. Heated gas stream 18 then enters ion transport 
reactor 20 through open-ended heater tubes 21 and is heated to 1470°F (800°C), which is the typical operating tem- 
perature of ion transport separator 41 . 

[0040] Ion transport reactor 20 contains ion transport membrane 22 having a retentate side 22a and a permeate side 
22b. Heat needed to raise the temperature of heated gas stream 18 to ion transport separator 41 operating tempera- 
ture, is generated by the reaction of fuel gas stream 24, for example, methane, with oxygen permeating to the permeate 
side 22b of ion transport membrane 22, provided by pressure<lriven oxygen ion transport across ion transport mem- 
brane 22. Typically ion transport membrane 22 will contain catalysts to enhance the reaction on the permeate side 22b 
of ion transport membrane 22 to produce combustion products gas stream 25. The reaction in ion transport reactor 20 
is preferentially operated slightly fuel-rich to maintain stable combustion. Depending on the reactor design, that is, the 
balance between oxygen flux and reaction kinetics, partial oxygen pressures on the permeate side 22b of ion transport 
membrane 22 may be sufficiently low (for example, less than 10' 15 atm) to require use of an ion transport material stable 
at those low oxygen pressure conditions, such as the chromium containing perovskites listed in Table I as group 9. Ion 
transport reactor 20 performs the combined functions of a combustor and a heat exchanger so that retentate gas 
stream 40 exiting the retentate side 20a is at a temperature of 1470°F and undiluted (uncontaminated) by any products 
of combustion. Combustion products gas stream 25. containing mostly carbon dioxide and water vapor, is directed as 
gas stream 26 which, as mentioned above, is cooled against compressed gas stream 16 in heat exchanger 17 to pro- 
duce carbon dioxide product gas stream 28. Alternately, gas stream 25 is directed as optional gas stream 27 which is 
joined with gas stream 45 to make optional gas stream 29. 

[0041] Hot retentate gas 23 exits ion transport reactor 20 as gas stream 40. Gas stream 40 is introduced into ion 
transport separator 41 containing ion transport membrane 42 having a retentate side 42a and a permeate side 42b 
where a fraction (for example, 40%) of the contained oxygen is separated by pressure-driven ion transport across ion 
transport membrane 42 to produce hot oxygen gas stream 58 and hot retentate gas stream 44. Hot oxygen gas stream 
58. as mentioned above, is cooled against compressed gas stream 1 6 in heat exchanger 17 to produce oxygen product 
gas stream 60. Hot retentate gas stream 44 is directed as gas stream 46 to become gas stream 47. Gas stream 47 can 
be directly expanded in a low-temperature turbine 48 to drive compressor 15 through shaft 54. 
[0042] Alternatively, for optimum efficiency, the turbine feed stream can be raised to a higher temperature as tolerated 
by a high-temperature turbine. This may be accomplished by using a heater (not shown) or, alternately, directing gas 
stream 44 as optional gas stream 45 which, as mentioned above, is joined with optional gas stream 27, rf produced, to 
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form optional gas stream 29. Optional gas stream 29 is passed into combustor 30 to react with fuel gas stream 32 to 
produce reaction products gas stream 33. Gas stream 33 becomes gas stream 47 which, being at the desired turbine 
inlet temperature (e.g. 2400°F or 131 5°C). is injected into a high-temperature turbine as gas turbine 48 to produce 
power to rotate shaft 54 to drive compressor 1 5, exhaust gas stream 50, and excess power 56. Exhaust gas stream 50 
is directed as gas stream 51 which, as mentioned above, is cooled against compressed gas stream 16 in heat 
exchanger 17 to produce waste gas stream 52. Optionally, exhaust gas stream 50 is directed as gas stream 61 to be 
used for steam generation. 

[0043] Table II illustrates the use of the embodiment of the invention shown in Fig. 1 for the production of 1 ,000.000 
NCFH of oxygen. Fig. 1 and Table II clearly illustrates how ion transport reactor 20 and combustor 30 provide independ- 
ently controlled operating temperatures for ion transport separator 41 and gas turbine 48 without compromising opera- 
tion of ion transport separator 41 and unduly effecting system complexity and investment. 



TABLE II 



Feed air stream 10 flow rate 


11.2x10° NCFH 


Fuel gas streams 24 and 32 type 


Natural Gas (methane) 


Fuel gas stream 24 flow rate 


1.56 x10 5 NCFH 


Fuel gas stream 32 flow rate 


1.4 x10 6 NCFH 


Product oxygen gas stream 58 flow rate irom ion transport separdiur «• ■ 


1 x 10 6 NCFH 


Feed air stream 10 temperature 


70°F 


Gas stream 18 temperature after heat exchanger 17 


880° F 


Gas stream 40 temperature after ion transport reactor 20 


1470°F 


Gas stream 33 temperature after combustor 30 


2000°F 


Turbine exhaust gas stream 50 temperature 


900°F 


Exhaust gas stream 52 temperature after heat exchanger 17 


730°F 


Gas stream 1 6 pressure after compressor 1 5 


12atm. 


Oxygen product gas stream 60 pressure 


1 atm. 


Turbine exhaust gas stream 50 pressure 


1 atm. 


Isentropic efficiency of compressor 15 


86% 


Isentropic efficiency of turbine 48 


88% 


Heat exchanger 17 effectiveness 


90% 


Lower heating value of fuel 


900 BTU/NCFH 


Power output from turbine 48 


73.3 MW 


Power consumed by compressor 15 


40.9 MW 


Power used for oxygen generation 


3.7 MW 


Net power output 


32.4 MW 



[0044] The power penalty associated is that for compressing an additional quantity of feed air which is equal, in mass 
flow rate, to the quantity of oxygen produced. The value of 3.7 MW is associated with single stage compression without 
intercooling. In a retrofit case where supplemental air is compressed by an additional compressor, it may be well worth- 
while to employ intercooling and reduce the power penalty by about 1 MW. In the standard case the capital penalty for 
producing oxygen are the cost of the ion transport reactor, the ion transport separator, and the cost of heat recovery 
from the product oxygen gas stream. These costs are partially compensated by savings due to smaller heat duties of 
the combustor and the heat exchanger. 

[0045] It is evident that in place of a recovery heat exchanger, a Rankine cycle heat recovery system or other heat 
recovery system can be employed without materially changing the results. 

[0046] Fig. 2 is a schematic diagram of an embodiment of the invention using a solid electrolyte ionic conductor sep- 
arator module in combination with an ion transport reactor-heater module and a turbine to produce an oxygen product 
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gas stream and power Fig. 2 is a variation of Fig. 1 using an ion transport reactor-heater instead of an ion transport 
reactor to heat the air to ion transport operating temperature. 

[0047] During operation, feed gas stream 200 is compressed by compressor 201 to a pressure of 12 atm. Com- 
pressed gas stream 202 is heated to approximately 600°F to 1000°F in heat exchanger 204 by optional hot carbon diox- 
ide gas stream 220, hot oxygen gas stream 230, and waste gas stream 250, to produce heated gas stream 206. Heated 
gas stream 206 then traverses ion transport reactor-heater 208 through heater tubes 224 to become gas stream 225 
heated to 1470°F. the operating temperature of ion transport separator 226. 

[0048] Ion transport reactor-heater 208 contains ion transport membrane 21 0 having a retentate side 21 0a and a per- 
meate side 210b. Heat needed to raise the temperature of heated gas stream 206 to ion transport separator 226 oper- 
ating temperature, is generated by the reaction of fuel gas stream 215, for example, methane, with oxygen permeating 
to the permeate side 21 0b of ion transport membrane 21 0, provided by pressure-driven oxygen ion transport across ion 
transport membrane 210. Typically ion transport membrane 210 will contain catalysts to enhance the reaction on the 
permeate side 210b of ion transport membrane 210 to produce combustion products gas stream 216. 
[0049] The reaction in ion transport reactor-heater 208 is preferentially operated slightly fuel-rich to maintain stable 
combustion. As before, ion transport reactor-heater 208 performs the combined functions of a combustor and a heat 
exchanger so that retentate gas stream 234 exiting the retentate side 210a is at a temperature of 1470°F and undiluted 
(uncontaminated) by any products of combustion. Alternately, combustion products gas stream 216, containing mostly 
carbon dioxide and water vapor, is directed as gas stream 218 which is joined as gas stream 236 with gas stream 234 
to make gas stream 237. Alternately, combustion products gas stream 216 may be directed as optional gas stream 220 
which, as mentioned above, is cooled against compressed gas stream 202 in heat exchanger 204 to produce carbon 
dioxide and steam containing gas stream 221 from which carbon dioxide can be recovered after condensing out steam 
in condenser 222. 

[0050] Hot feed gas stream 225 exits ion transport reactor-heater 20 and is introduced into ion transport separator 
226 containing ion transport membrane 228 having a retentate side 228a and a permeate side 228b where a fraction 
(for example, 40%) of the contained oxygen is separated by pressure-driven ion transport across ion transport mem- 
brane 228 to produce hot oxygen gas stream 230 and hot retentate gas stream 232. Hot oxygen gas stream 230, as 
mentioned above, is cooled against compressed gas stream 202 in heat exchanger 204 to produce oxygen product gas 
stream 231. 

[0051] Hot retentate gas stream 232 may be joined with optional gas stream 238, to become gas stream 233. Gas 
stream 233 is introduced into ion transport reactor-heater 208, where oxygen is removed, to produce gas stream 234. 
Gas stream 234 is joined with gas stream 236 to produce gas stream 237. Gas stream 237 is passed into combustor 
240 to react with fuel gas stream 239 to produce reaction products gas stream 242. Gas stream 242, now at the desired 
turbine inlet temperature (typically greater than 2000°F). is injected into gas turbine 243 to produce power 256 to drive 
compressor 201 , exhaust gas stream 246, and excess power 244. Exhaust gas stream 246 is directed as gas stream 
250 which, as mentioned above, is cooled against compressed gas stream 202 in heat exchanger 204 to produce waste 
gas stream 252. Optionally, exhaust gas stream 246 is directed as gas stream 247 to be used for steam generation. 
[0052] The embodiment of the invention shown in Fig. 2 has the same advantages as that of Fig: 1 . In addition, the 
Fig. 2 embodiment provides a higher oxygen driving force to reduce the ion transport separator area relative to the pre- 
vious example, because, unlike the process shown in Fig. 1 , no oxygen is removed from the air gas stream prior to entry 
into the ion transport separator. A disadvantage is the added heat transfer area 224 in the ion transport reactor-heater 
208. 

[0053] Fig. 3A illustrates a construction where the functions of the ion transport reactor and the ion transport separator 
of Fig. 2 are combined in a single reactor-separator unit. During operation, feed gas stream 300 is compressed by com- 
pressor 301 to a pressure of 12 atm. Compressed gas stream 302 is heated to 800°F to 1000°F in heat exchanger 304 
by hot carbon dioxide gas stream 336. hot oxygen gas stream 314, and waste gas stream 332, to produce heated gas 
stream 306. Heated gas stream 306 then enters ion transport reactor-separator 31 0 through open-ended heater tubes 
362 and is heated to the operating temperature of ion transport membrane 309, having a retentate side 309a and a per- 
meate side 309b, and ion transport membrane 312, having a retentate side 312a and a permeate side 312b. 
[0054] Heat needed to raise the temperature of heated gas stream 306 to ion transport membrane operating temper- 
ature is generated by the reaction of fuel gas stream 311 . for example, methane, with oxygen permeating to the perme- 
ate side 309b of ion transport membrane 309, provided by pressure-driven oxygen ion transport across ion transport 
membrane 309. Typically ion transport membrane 309 will contain catalysts to enhance the reaction on the permeate 
side 309b of ion transport membrane 309 to produce combustion products gas stream 336. Combustion products gas 
stream 336, containing mostly carbon dioxide and water vapor, as mentioned above, is cooled against compressed gas 
stream 302 in heat exchanger 304 to produce carbon dioxide product gas stream 340. Simultaneously, ion transport 
membrane 312 separates some of the oxygen from the feed stream 306 by pressure-driven ion transport across ion 
transport membrane 312 to produce hot oxygen gas stream 314 and hot retentate gas stream 318. 
[0055] Hot retentate gas stream 318 exits ion transport reactor-separator 310 and is passed into combustor 320 to 
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react with fuel gas stream 322 to produce reaction products gas stream 324. Gas stream 324, being at the desired tur- 
bine inlet temperature (2400°F), is injected into gas turbine 326 to produce power 364 to drive compressor 301 , exhaust 
gas stream 332. and excess power 328. Exhaust gas stream 332 is, as mentioned above, cooled against compressed 
gas stream 302 in heat exchanger 304 to produce waste gas stream 334. Hot oxygen gas stream 314, as mentioned 
5 above, is cooled against compressed gas stream 302 in heat exchanger 304 to produce oxygen product gas stream 
316. 

[0056] Fig. 3B is a detailed view of an alternate solid electrolyte ionic conductor combustor-separator module com- 
ponent for the embodiment of the invention shown in Fig. 3A. In this embodiment, ion transport combustor-separator 
361 includes ion transport membrane 360. having a retentate side 360a and a permeate side 360b. Reactive gas fuel 
10 stream 350 is injected into the retentate side of ion transport combustor-separator 361 using a distributor 352. In other 
ways, this embodiment would function as described with regard to Fig. 3A. 

[0057] In one construction, distributor 352 is a porous wall or tube extending within combustor-separator 361 . Distrib- 
utor 352 preferably applies the reactive gas substantially uniformly over a substantial length of retentate side 360a to 
assure, in combination with heat transfer design of the reactor-separator, reasonably uniform temperatures of the ion 
is transport membrane and substantially complete reactions of the reactive gas with oxygen. Since the combustion tem- 
peratures are relatively low, and to further assure complete combustion of the fuel, the reaction can be catalytically 
enhanced. 

[0058] By comparison, in separator 310, Fig. 3A, very high reactive-gas-to-oxygen ratios may occur near the entry 
area of fuel stream 31 1 . Incomplete combustion may result if the reactive gas is a combustible fuel and the ratio is close 
20 to or outside of the flammability limits of the fuel. Some of the fuel may be only partially oxidized, generating carbon 
monoxide or other pollutants which would emerge in stream 336. 

[0059] Fig. 4 is a schematic diagram of an embodiment of the invention using a solid electrolyte ionic conductor reac- 
tor separator module in combination with a combustor and a turbine to produce an oxygen product gas stream and 
power. This embodiment is useful if the intended application requires that the oxygen product gas stream purity is 80% 
25 to 95% oxygen, or less. 

[0060] During operation, feed gas stream 400 is compressed by compressor 401 to a pressure of 12 atm. Com- 
pressed gas stream 402 is heated to 800°F to 1000°F in heat exchanger 404 by hot gas stream 438 and waste gas 
stream 432. to produce heated gas stream 406. Gas stream 406 is heated to near ion transport operating temperature 
range in heat exchanger 408 by hot gas stream 436 and waste gas stream 420, to produce heated gas stream 410. 
30 Heated gas stream 410 then enters ion transport reactor-separator 412 through open-ended heater tubes 414 and is 
heated to the operating temperature of ion transport membrane 416, having a retentate side 416a and a permeate side 
416b. 

[0061 ] Membrane 41 6 includes a reactor section 460 and a separator section 462 as different sections of a unitary 
membrane structure such as disclosed in EP-A-0 875 281, and incorporated above by reference herein. The reactor 

35 section 460 preferably is one-fifth to one-half of the total length of membrane 416, more preferably about one-quarter 
of the total length, depending on the desired purity of product gas stream 444 as described below. 
[0062] Heat needed to raise the temperature of heated gas stream 41 0 to ion transport membrane operating temper- 
ature is generated by the reaction of fuel gas stream 418, for example, methane, with oxygen permeating to the perme- 
ate side 416b of ion transport membrane 416, provided by pressure-driven oxygen ion transport across ion transport 

40 membrane 416. Typically ion transport membrane 416 will contain catalysts to enhance the reaction on the permeate 
side 416b of ion transport membrane 416 to produce gas stream 436 containing products of combustion PC and oxy- 
gen in a desired ratio. The amount of fuel and therefore the amount of energy that can be generated is limited by the 
oxygen product purity constraints which requires that the percentage of noncondensable gases present in the oxygen 
product gas stream does not exceed the impurity limits demanded by the application. Many, if not most, applications 

45 should be able to tolerate the products of combustion impurities contemplated, primarily carbon dioxide and water 
vapor. Optionally, gas stream 418 is an inert purge stream, wherein gas stream 436 is a diluted oxygen products 
stream. When the reactive purge is run fuel-lean such that reactions occur only within reactor section 460, gas stream 
436 contains 80% to 95% oxygen, with the balance mostly carbon dioxide and water vapor. Gas stream 436, as men- 
tioned above, is cooled in heat exchanger 408 to produce gas stream 438, which, in turn, is cooled in heat exchanger 

so 404 to produce gas stream 440. Water vapor in gas stream 440 is condensed in condenser 442 to produce oxygen 
product gas stream 444, which contains 80% to 95% oxygen. In another construction, shown in phantom, a conven- 
tional gas separator 464 separates a purer oxygen stream 466 from a carbon dioxide stream 468. 
[0063] Hot retentate gas stream 420 exits ion transport reactor-separator 412 and. as mentioned above, is cooled in 
heat exchanger 408 to produce gas stream 422, which, is passed into combustor 424 to react with fuel gas stream 426 

55 to produce reaction products gas stream 428. Gas stream 428. being at the desired turbine inlet temperature (2400°F), 
is injected into gas turbine 430 to produce power 450 to drive compressor 401 , exhaust gas stream 432, and excess 
power 449. Exhaust gas stream 432 is, as mentioned above, cooled against compressed gas stream 402 in heat 
exchanger 404 to produce waste gas stream 434. 
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[0064] As the other embodiments, the embodiment of Fig. 4 permits independent control of the ion transport separator 
and turbine inlet temperatures. At the same time, the configuration of Fig. 4 simplifies the system by eliminating need 
for a separate ion transport reactor without significantly complicating separator internals. 

[0065] Fig. 5A illustrates an ion transport reactor positioned in a turbine exhaust stream, heating that exhaust stream 
to a temperature sufficiently high to efficiently operate an ion transport membrane, and then heating the compressed 
air feed stream to the required ion transport separator temperature by obtaining heat from a retentate stream. 
[0066] During operation feed gas stream 500 is compressed by compressor 501 to a pressure of about 1 2 atm. Com- 
pressed gas stream 502 is heated to a temperature of 800 to 900°F in recovery heat exchanger 504 by hot oxygen gas 
stream 550, hot retentate gas stream 546, and optionally hot permeate gas stream 539, to produce heated gas stream 
506. Heated feed gas stream 506 is further heated to the required ion transport separator temperature in heat 
exchanger 508 by hot oxygen gas stream 548 and hot gas retentate stream 544 to produce heated gas stream 510. 
Heated gas stream 510 then enters ion transport separator 512 and passes along ion transport membrane 514, having 
a retentate side 514a and a permeate side 514b. 

[0067] Gas stream 548, as mentioned above, is cooled in heat exchanger 508 to produce oxygen gas stream 550, 
which, in turn, is cooled in heat exchanger 504 to produce oxygen gas stream 552. Gas stream 552 is cooled in cooler 
554 to produce cooled oxygen product gas stream 556. 

[0068] Hot retentate gas stream 51 6 exits from the ion transport separator 51 2 and is then passed into combustor 520 
to react with fuel gas stream 522 to produce reaction products gas stream 524 containing products of combustion PC1 . 
Gas stream 524, being at the desired turbine inlet temperature, is injected into gas turbine 526 and expanded to pro- 
duce power 559 to drive compressor 501 , exhaust gas stream 528, and excess power 527. Exhaust gas stream 528 is 
passed into ion transport reactor 532 through open-ended heater tubes 530 and is heated to a temperature above the 
operating temperature of ion transport membrane 534, having a retentate side 534a and a permeate side 534b. The 
oxygen concentration of the turbine exhaust gas stream 528 will typically be in the 5 to 12% range, more than sufficient 
for the ion transport reactor function. 

[0069] Heat needed to raise the temperature of exhaust gas stream 528 to a temperature at or above the required ion 
transport separator temperature is generated by the reaction of fuel gas stream 536, for example, methane, with oxygen 
permeating to the permeate side 534b of ion transport membrane 534, provided by pressure<lriven oxygen ion trans- 
port across ion transport membrane 534. Typically ion transport membrane 534 will contain catalysts to enhance the 
reaction on the permeate side 534b of ion transport membrane 534 to produce gas stream 538 containing products of 
combustion PC2. 

[0070] Optionally, products of combustion gas stream 538 is directed to merge with gas stream 516 which is intro- 
duced into combustor 520. The reaction side of ion transport reactor 532 preferably is operated in this construction at 
a pressure sufficiently high to permit adding the combustion gases PC2 to the retentate stream 516 flowing to combus- 
tor 520 and thereby avoid losing turbine flow mass and work potential. This process exploits one of the unique features 
of an ion transport reactor in that it can transfer the oxygen required for combustion from a low pressure stream to a 
high pressure stream as long as the reaction produces a ratio of partial oxygen pressures of retentate-to-permeate side 
greater than 1. 

[0071] Optionally, all or a portion of gas stream 538 can be used to purge the permeate side of separator 512 to 
enhance oxygen transport. In this case, not shown, the exiting permeate stream would contain water and steam. After 
condensing out steam in cooler 554, a lower purity product containing 80 to 95% oxygen would be recovered. 
[0072] Alternately, all or a portion of the combustion gases are withdrawn for the recovery of carbon dioxide as in Fig. 
1 since the combustion gas's primary impurity will again be water. The design requirements for the ion transport reactor 
are similar to those of Fig. 1 . 

[0073] Hot retentate gas stream 544 exits ion transport reactor-separator 532 and, as mentioned above, provides the 
heat, and is itself cooled, in heat exchanger 508 to produce gas stream 546, which in turn is cooled in heat exchanger 
504 to produce waste gas stream 558. 

[0074] In yet another construction, a conventional in-line tail combustor or fired heater 560, Fig. 5B, is substituted for 
the ion transport reactor shown in Fig. 5A. As illustrated in Fig. 5B, turbine exhaust gas stream 528 is injected into the 
conventional in-line tail combustor or fired heater 560 and reacted with fuel gas stream 562 to produce gas stream 538. 
Either of the conventional in-line tail combustor or fired heater 560 offers independent temperature control and no dilu- 
tion or decrease of oxygen concentration in the ion transport separator feed but, sacrifices the options of recycling prod- 
ucts of combustion to the high temperature combustor inlet or recovery of a carbon dioxide-rich coproduct. Otherwise, 
this embodiment would function as described with regard to Fig. 5A. 

[0075] The embodiments of Figs. 5A and 5B enable independent control of turbine inlet and ion transport separator 
temperatures and do not expose the ion transport separator feed to dilution and contamination with products of com- 
bustion. Each has the additional advantage that the oxygen concentration in the ion transport separator feed and there- 
fore the partial pressure driving force is not reduced as in the case of an in-line combustor or an in-line ion transport 
reactor upstream of a separator. The ion transport turbine-tail-gas reactor shares the advantage of easing control of 
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fuel-to-oxygen equivalence ratios for stable combustion with the other ion transport reactor schemes. 
[0076] Fig. 6 illustrates a system to produce oxygen, nitrogen and carbon dioxide if desired, as coproducts with power 
generation. During operation feed gas stream 600 is compressed by compressor 601 to a pressure of 12 atm. Com- 
pressed gas stream 602 is heated to a temperature of 800 to 900°F in recovery heat exchanger 603 by hot gas stream 
652, turbine exhaust gas stream 646, hot gas stream 626 and optionally hot carbon dioxide gas stream 638, to produce 
heated gas stream 604. Heated gas stream 604 is further heated in heat exchanger 606 by heated gas stream 618, hot 
gas stream 624 and hot gas stream 650 to produce heated gas stream 608. Heated gas stream 608 is then heated to 
ion transport temperature in ion transport reactor-heater 610 as it passes through heater tubes 611. Heat needed to 
raise the temperature of gas stream 608 to the required ion transport separator temperature is generated by the reac- 
tion of fuel gas stream 614, for example, methane. 

[0077] Heated gas stream 608 then exists ion transport reactor-separator 610 and is split; part of it becoming gas 
stream 618 which is passed through heat exchanger 606 and is then injected to combustor 632, and part is injected into 
to ion transport separator 621 where 50 to 75% of the contained oxygen is extracted as the gas is passed along ion 
transport membrane 622, having a retentate side 622a and a permeate side 622b. 

[0078] Gas stream 650, as mentioned above, is cooled in heat exchanger 606 to produce gas stream 652, which, in 
turn, is cooled in heat exchanger 603 to produce oxygen gas stream 654. Retentate gas stream 620 is passed to ion 
transport reactor-heater 610 to provide the necessary oxygen for the reaction on the anode or permeate side 612b of 
the transport membrane 612 and at the same time strip the residual oxygen from the cathode side, or retentate side 
612a of the transport membrane 612. 

[0079] Retentate gas stream 624, as mentioned above, is cooled in heat exchanger 606 to produce gas stream 626, 
which, in turn, is cooled in heat exchanger 603 to produce nitrogen product stream 628 at system pressure. The nitro- 
gen product stream preferably contains at least 95% nitrogen, more preferably at least 98% nitrogen, and most prefer- 
ably more than 99% nitrogen, by volume. Less than 10 parts per million oxygen content is achievable. Permeate gas 
stream 634 is merged with gas stream 630 to form gas stream 631 . Optionally, all or part of gas stream 634 can become 
gas stream 638. Gas stream 638 is cooled in heat exchanger 603 to produce gas stream 640, which is either dis- 
charged or from which C0 2 can be recovered by condensing out water. 

[0080] Gas stream 631 is passed into combustor 632 to react with fuel gas stream 615 to produce reaction products 
gas stream 642. Gas stream 642, being at the desired turbine inlet temperature, typically 2400°F, is injected into gas 
turbine 644 to produce power 648 to drive compressor 601 , exhaust gas stream 646, and excess power 647. Exhaust 
gas stream 646 is, as mentioned above, cooled against compressed gas stream 602 in heat exchanger 603 to produce 
waste gas stream 648. 

[0081 ] The ion transport reactor 61 0 according to the embodiment of Fig. 6 performs essentially as a Deoxo unit. The 
proportioning of the split of the air stream 608 will depend on how much product one can extract without excessively 
penalizing the turbine 644. An adjustment in the nitrogen-to-oxygen product ratio can be achieved by returning some of 
the nitrogen stream to the combustor feed. As in some previous embodiments the products of reaction from the ion 
transport reactor can be mixed with the main feed stream to the combustor 632 or wholly or partially withdrawn as a 
carbon dioxide coproduct. The design of the ion transport reactor-heater 610 again has to manage removal of the heat 
of reaction in a way which will maintain the ion transport reactor elements at as uniform a temperature as possible. 
[0082] It is evident the main advantage of the above arrangement is that it permits recovering a portion of the feed air 
stream 602, as nitrogen product and adjusting the nitrogen-to-oxygen product ratio over a wide range while retaining 
most of the advantages of the other embodiments of the invention. 

[0083] In many smaller "low cost" gas turbines turbine inlet temperatures tend to be limited to the range of 1 400°F to 
1800°F (identical to the operating range of ion transport separators) to reduce capital costs. Obviously in these cases 
a separate high temperature combustor can be eliminated. The schemes shown in the previous figures, however, can 
still be employed with many of the previously cited advantages preserved. 

[0084] Fig. 7 illustrates an embodiment applicable to smaller gas turbines featuring a more modest turbine inlet tem- 
perature of 1905°F (1040°C). In this case a second combustor is not required since the turbine inlet temperature is 
within the range of ion transport temperature requirements. In the particular example described below it is desired to 
recover a significant fraction of the contained oxygen and carbon dioxide as coproducts. 

[0085] During operation feed gas stream 700 is compressed by compressor 701 to a pressure of 1 2 atm. Compressed 
gas stream 702 is heated to a temperature of 800 to 900°F in recovery heat exchanger 704 by hot gas stream 780, hot 
gas stream 717, to produce heated gas stream 706. Heated gas stream 706 is then heated to ion transport temperature 
in ion transport reactor-separator 710 as it passes through heater tubes 708. Heat needed to raise the temperature of 
gas stream 706 to the required ion transport separator temperature is generated by the reaction of fuel gas stream 790, 
for example, methane. 

[0086] Heated gas stream 706 then exists ion transport reactor-heater 710 as heated gas stream 714 and is injected 
into ion transport separator 720 where the gas is passed along ion transport membrane 722, having a retentate side 
722a and a permeate side 722b and where oxygen is transferred from the retentate to the permeate side by ion trans- 
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port. Retentate gas stream 716 is directed to ion transport reactor 710 where it supplies the oxygen by ion transport 
required for the reaction on permeate side 712b. Retentate gas stream 718 is merged with gas stream 764 to form tur- 
bine inlet stream 774. Turbine inlet stream 774 is injected into gas turbine 776 to produce power 782 to drive compres- 
sor 701 , and to produce exhaust gas stream 780, and excess power 781 . Exhaust gas stream 780 is, as mentioned 
above, cooled against compressed gas stream 702 in heat exchanger 704 to produce gas stream 784, which is turn 
cooled in heat exchanger 788 to produce nitrogen and water or water vapor gas stream 786. 

[0087] Fuel steam 790 is introduced to the permeate side of ion transport 710 to react with the permeating oxygen 
and thereby provide the necessary heat. The exiting products of combustion 792 are used to purge the permeate side 
of ion transport separator 720 and thereby enhance oxygen transport by reducing the average partial oxygen pressure 
on the permeate side. Emerging permeate gas stream 71 7 now contains oxygen which is diluted substantially by steam 
and C0 2 . 

[0088] Stream 717 is cooled in heat exchanger 704 to produce gas stream 719, which, in turn, is cooled in heat 
exchanger 788 to produce gas stream 767. After condensing out water in condenser 780 the resulting water can be 
removed from stream 791 in separator 752 to produce water stream 755 and water saturated low purity oxygen product 
stream 754. If desired, the contained water can be removed in a dryer and C0 2 separated by a downstream process 
such as membranes or pressure or temperature swing adsorption such as illustrated by separator 464, Fig. 4. The C0 2 
content of stream 754 will typically vary from 5 to 25%, depending on process conditions. 

[0089] To utilize available waste heat and to minimize the loss of flow volume in the turbine, the separated water 
stream 755 preferably is pumped to the appropriate pressure by water pump 760, passes as stream 761 to the boiler- 
superheater heat exchanger 788 producing stream 762, which in turn is passed through recuperator heat exchanger 
704 to produce stream 764. As mentioned above, stream 764 is mixed with the hot retentate stream 718 prior to being 
injected into the turbine inlet stream 774. 

[0090] Depending on available heat and heat exchanger cost it is possible to add additional water at the suction of 
pump 760 through stream 750 to further reduce losses in volume flow and power in turbine 776. It is obvious that in lieu 
of separate ion transport units a combination reactor-separator can be employed. Also it is obvious that the general con- 
cept of using combustion gases from an ion transport reactor can be used with systems that employ a combustor down- 
stream from the ion transport separator or the turbine. 

[0091] Tables III and IV show how the embodiment of Fig. 7 can recover a significant fraction of the oxygen in the feed 
gas stream and provide an easily separable mixed oxygen-carbon dioxide product stream at little sacrifice in export 
power from the gas turbine. 



TABLE III 



Turbine without Coproducts 


Compressor Air Flow 


121,700 Ibs/hr 


Compressor compression ratio 


10:1 


Turbine inlet temperature 


1905°F 


Fuel flow rate 


2070 Ibs/hr 


Shaft power 


3580 kW 



TABLE IV 



Turbine with Oxygen and Carbon Dioxide Coproducts 


Compressor air Flow 


121,700 Ibs./hr 


Compression ratio 


10:1 


Turbine inlet temperature 


1905°F 


Fuel Flow Rate 


2070 Ibs/hr 


Water addition 


5900 Ibs/hr 


Power produced 


3050 kW 
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TABLE IV (continued) 



Turbine with Oxygen and Carbon Dioxide Coproducts 


Oxygen produced 


200 TPD (59 wt.% of oxygen in feed gas stream) 


Carbon dioxide produced 


68TPD 



[0092] It can be seen that in the given example, 200 TPD of oxygen is produced at an effective power of 530 kW or 
2.65 kW/TPD with no credit for carbon dioxide. The added capital will be that for the ion transport reactor-heater, the 
10 boiler superheater, the remainder of the water circuit, and a more elaborate recuperator with a credit for elimination of 
a combustor. An additional bonus will be the essentially complete elimination of NO x due to use of an ion transport reac- 
tor in lieu of a combustor. 

[0093] It should be noted that the waste gas contains primarily water, nitrogen and oxygen and that in the example, 
the oxygen content as a percentage of non-condensible gases is only about 3%. As a result, the waste would make an 
is ideal feed for a nitrogen product recovery system. A suitable system could be a membrane or PSA/TSA dryer followed 
by an ion transport Deoxo plant. In the case nitrogen is to be recovered the water condensed out of the waste could be 
used to reduce the external water supply to the system. 

[0094] Elements required for the practice of the subject invention are appropriately designed ion transport reactors, 
reactor-heaters and reactor-separator units. As indicated earlier, the design of these devices must involve managing the 
20 heats of reaction in such a fashion that the temperature of the ion transport reactor elements do not experience exces- 
sive temperature excursions and operate at relatively uniform temperatures for maximum efficiency. 
[0095] Typical ranges for operating parameters of the ion transport modules are as follows: 

Temperature : For the ion transport modules, the temperature will typically be between 400C and 1 500C range, and 
25 preferably between 600C and 1 200C range. The steam turbine will typically operate between 350 and 600C range. 
The gas turbine will typically operate between 800C and 1500C range. 

Pressure : The purge-side pressure will be typically be between 1 atm and 40 atm, and preferably between 1 atm 
and 10 atm. The feed-side pressure will be between 1 atm and 40 atm if pressurized nitrogen is needed as a prod- 
uct or if the ion transport exhaust gas goes to a gas turbine for power generation, and 1 atm to 10 atm otherwise. 
30 Gas turbine inlet pressure will typically be between 5 atm and 40 atm, and the exhaust pressure will typically be 
between 1 atm and 1 .5 atm. The steam generator will typically generate steam at a pressure of 10 atm to 50 atm 
for the Rankine cycle. 

Oxygen Ion Conductivity of the Ion Transport Membrane : Typically in the 0.01-100 S/cm range (1 S = 1/Ohm). 
Thickness of the Ion Transport Membrane : Ion transport membrane can be employed in the form of a dense film, 
35 or a thin film supported on a porous substrate. The thickness (t) of the ion transport membrane/layer is typically less 
than 5000 microns, preferably t is less than 1000 microns, and most preferably t is less than 100 microns. 
Configuration : The ion transport membrane elements may typically be tubular or planar. 

[0096] As used herein the term "elemental oxygen" means any oxygen that is uncombined with any other element in 
40 the Periodic Table. While typically in diatomic form, elemental oxygen includes single oxygen atoms, triatomic ozone, 
and other forms uncombined with other elements. 

[0097] Specific features of the invention are shown in one or more of the drawings for convenience only, as each fea- 
ture may be combined with other features in accordance with the invention. In addition, various changes and modifica- 
tions may be made to the examples given without departing from the spirit of the invention. Alternative embodiments 
45 will be recognized by those skilled in the art and they are intended to be included within the scope of the claims. 

Claims 

1 . A process for producing at least an oxygen product gas stream and power, the process comprising: 

50 

(a) compressing a feed gas stream containing elemental oxygen; 

(b) providing at least first and second ion transport membrane sections, each membrane section having a 
retentate zone on one side of the membrane section and a permeate zone on the other side; 

(c) heating the feed gas stream using heat generated by a reaction within the permeate zone of the first ion 
55 transport membrane section to produce a heated feed gas stream; 

(d) separating the heated feed gas stream using the second ion transport membrane section into an oxygen- 
depleted gas stream on the retentate side and an oxygen-containing gas stream on the permeate side; 

(e) extracting energy from at least one gas stream to be expanded, after that stream to be expanded has been 
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heated directly or indirectly by the reaction within the first permeate zone, in a gas turbine to produce power; 
and 

(f) recovering the oxygen-containing gas stream as the oxygen product stream. 

2. The process of claim 1 in which the first membrane section is a reactor membrane and the second membrane sec- 
tion is a different separator membrane spaced apart from the reactor membrane, 

3. The process of claim 1 in which the first and second membrane sections are different portions of a unitary mem- 
brane structure. 

4. The process of claim 1 in which the reaction within the permeate zone of the first ion transport membrane section 
includes reacting the oxygen permeating the first ion transport membrane section with a first fuel gas stream to pro- 
duce a first combustion products gas stream. 

5. The process of claim 4 further including obtaining carbon dioxide as a product from the first combustion products 
stream. 

6. The process of claim 5 in which obtaining carbon dioxide includes removing water or water vapor from the first com- 
bustion products stream. 

7. The process of claim 4 in which at least a portion of the combustion products stream is utilized to purge the perme- 
ate zone of the second ion transport membrane section to enhance oxygen ion transport through the second mem- 
brane section. 

8. The process of claim 7 further including separating carbon dioxide from the oxygen-containing gas stream. 

9. TTie process of claim 1 1 further including reacting the oxygen-depleted gas stream in a combustor with a second 
fuel gas stream to produce a second combustion products gas stream, and directing the second combustion prod- 
ucts gas stream to the turbine as the gas stream to be expanded. 

10. The process of claim 1 , further including: 

combining at least a portion of the first combustion products gas stream with at least a portion of the oxygen- 
depleted gas stream from the retentate side of the ion transport separator membrane section to form an aggre- 
gate gas stream; 

reacting the aggregate gas stream in a combustor with a second fuel gas stream to produce a second combus- 
tion products gas stream; and directing the second combustion products gas stream to the turbine as the gas 
stream to be expanded. 
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FIG. 3A 
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FIG. 3B 
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